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Trimming operation as an important stage of many sheet and bulk metal processes is geometrically and
physically complex and computationally challenging. This is especially true for metal forming processes
where net-shape speciﬁcation is critical. In this paper, we present an efﬁcient approach for fast
trimming simulation of 3D forged components so that the effect of such trimming operations on post-
forming material spingback, thermal distortion and ﬁnal dimensional and shape accuracy of formed
parts can be quantiﬁed. This approach comprises steps including deﬁnition of trim line, elimination of
discarded elements, adjustment of nodal positions close to the trim line and mapping of the state
variables from the original mesh to the new mesh. To evaluate the effect of residual stresses in
trimming operation, a new algorithm involving a scaling interpolation and coordinate transformation
procedure is proposed so that limited 2D trimming simulations can be used to quantify and to map
trimming induced residual stresses onto the whole 3D model for further process simulation. This
developed trimming simulation approach was veriﬁed using an industry case study in hot forging of
a 3D aerofoil blade by three post-forging cooling simulation cases including an untrimmed blade,
a trimmed blade and a trimmed blade with the inclusion of trimming induced residual stresses.
The simulation results were compared with actual measurement data of the forged aerofoil blade with
excellent results obtained. The results show that the trimming operation has a signiﬁcant effect on
post-forging springback and thermal distortion but much less so on thickness of the aerofoil sections of
the forged blade. The results also demonstrate that the proposed trimming simulation approach is
computationally efﬁcient and robust for other bulk and sheet metal forming processes of complex
shapes.
& 2011 Elsevier Ltd. Open access under CC BY license.1. Introduction
Precision forging is a competitive manufacturing method for
structural components such as crank shafts and gears used in
automobile industry and aerofoil blades for aeroengine applica-
tions as it produces high quality forged parts in terms of material
microstructure, mechanical properties as well as dimensional and
shape accuracy with reduced material waste and overall cost.
However, precision forging of such components is normally
achieved through a multistage route instead of a single operation.
For example, hot forging of high temperature alloy into aerofoil
blades normally involves extrusion, forging and trimming before
cooling of the trimmed blade to room temperature as shown in
Fig. 1. Steffens and Wilhelm [26] reviewed the improvement of
forging quality and accuracy through various means of technolo-
gical advances and in particular computer based process simula-
tions. In these methods, Finite Element (FE) simulation is mostY license.
x: þ44 115 9531800.widely used to evaluate material ﬂow, stress/strain and tempera-
ture distributions and to validate process design. In current
practice, the main steps of forging operations including preform-
ing, forging, unloading and cooling can be effectively simulated
either using commercial software or in house simulation packages.
However, in these simulation procedures one important operation
required in actual forging process, i.e. trimming of ﬂash of the
forged parts carried out immediately after the removal from
forging dies and before cooling to room temperature is not easily
dealt with. This is because of two main important reasons. Firstly
the trimming process is geometrically and physically complex.
Although it is now possible to simulate a 2D or 3D trimming
process of a simple part using commercial FE software function-
alities, it is computationally prohibitive to simulate a large scale
trimming process of a complex component such as the aerofoil
blade. Secondly, even if large scale trimming simulation is possi-
ble, it is mostly treated as a standalone process. The effect due to
the trimming operation on the geometry, stress, strain and
temperature distributions is often neglected. The lack of ability
to simulate trimming operation in the whole multistage forming
process has been a considerable barrier to accurately predicting
Nomenclature
A material constant
C(u) connecting vector
E Young’s modulus
F surface traction
G shear modulus, G¼E/2(1þn)
Hi shape function
K a penalty constant
N(u) bending function
P point or node
P0 projection point
Sij Kirchhoff stress
SU, SF surface where velocity and traction boundary condi-
tions are prescribed
S(u) B-spline curve function
Su(u) tangent of B-spline S(u)
T temperature
TR transformation matrix
X state variable
Y gradient of the yield stress
c speciﬁc heat
h heat convection coefﬁcient
hlub heat transfer coefﬁcient for lubricant
k1 thermal conductivity
qn heat ﬂux across the boundary surface
qf surface heat generation rate due to friction
t time
th thickness
v velocity
w strain energy
uk knot values
a coefﬁcient of thermal expansion
an the loading status, when loading, an¼1 and when
unloading, an¼0.
dij Kronecker delta
eE emissivity
_eij rate of deformation tensor
_e effective strain rate
e effective strain
k fraction of mechanical energy transformed into heat
n Poisson’s ratio
r density
sij stress tensor
s0ij deviatoric stress tensor
sij effective stress
s ﬂow stress
sH hydrostatic stress
sSB Stefan–Boltzman constant
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stresses, the material springback and thermal distortion and hence
the ﬁnal shape and dimensions of the forged components.
To carry out detailed simulation of trimming operation of a
complex shape is challenging due to the complexity of shearing or
ductile fracture mechanisms of materials and signiﬁcant comput-
ing time required especially for 3D complex shapes. Over the past
few decades, many ductile fracture models have been developed
and used to simulate such as blanking processes. For example,
Cockcroft and Latham [5] proposed a model which emphasises
the signiﬁcance of the principle tensile stress in fracture initia-
tion. Oyane et al. [21] considered the hydrostatic stress as the
most important factor for void growth and coalescence. Using
these models, blanking operation may be simulated effectively in
2D cases. In recent years, Hambli and Reszika [10] proposed
an inverse approach to examine a number of different damage
models for blanking processes. Goijaerts et al. [9] examined the
use of a localised ductile fracture model in ﬁne blanking of
different materials. Extensive effort has also been reported in
trimming or blanking research using analytical [15] and experi-
mental [18,12] methods as well as numerical simulations
[3,13,27,17], which enabled more detailed evaluation of blanking
processes with different materials and under different operational
conditions.
Whilst signiﬁcant progress has been made in enhanced under-
standing of ductile fracture mechanisms in shearing or blankingFig. 1. Forging steps for aerofoil blades cutting (a), extrprocesses and developing advanced computational capabilities for
detailed blanking process simulation, application of these meth-
ods and tools to large scale 3D trimming simulation such as the
trimming of 3D aerofoil blade reported in this research is still
challenging. Therefore simpliﬁed approaches have to be adopted.
One approach is to directly remove the discarded elements
outside the trim line followed by adjusting the trimmed FE mesh
and mapping the state variable data such as the stress, strain and
temperature results to the remaining part for further simulation.
This approach has been used for design optimisation of initial
blank shape in blanking processes. Kawka et al. [14] simply
removed the undesired elements from the FE mesh. As hexahe-
dron and quadrilateral shell elements were used, the new
boundary should be relatively smooth and no further change of
boundary was required. Concerning the adjustment of nodes on
the boundary, Coelho et al. [6] developed a mesh intersecting
algorithm for shell elements. Dhondt [8] also proposed a hexahe-
dral mesher for cutting purpose. These topologies provide good
demonstration on boundary mesh treatment. However, these
concepts may not be applicable for tetrahedron elements com-
monly used 3D forging simulations as in this research. To predict
springback in sheet forming, Avetisyan et al. [1] proposed
a triangular mesh trimming algorithm, which may be extended
to 3D tetrahedron mesh. These methods provide a solution
to boundary mesh based treatment. However, little has been
reported concerning the mesh trimming algorithms for bulkusion (b), forging (c), trimming (d) and cooling (e).
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trimmed brick elements using NURBS with three different stra-
tegies for a sheet forming case. Perfect boundary was obtained by
deﬁning the trim line using NURBES, which offers a possible
solution for deﬁning more complex trim lines of forged parts.
One local effect due to trimming is the trimming induced
residual stresses. This effect cannot be easily considered in the
model unless detailed trimming simulation is carried out. Kawka
et al. [14] considered the trimming induced residual stresses
using a method of equilibrating the stress distribution with
additional force boundary conditions after the elimination of
unwanted elements. However, using this approach it is difﬁcult
to balance these external forces in the model. As the trimming
operation can be modelled using 2D FE simulation, a feasible
approach is to obtain the residual stress ﬁeld from detailed 2D
simulation and then superimpose the obtained residual stress
ﬁeld onto a 3D trimmed mesh. So the effect of trimming induced
residual stresses in forging of complex 3D shapes may be taken
into account. This is one important concept of this research.
Another important issue in FE based trimming simulation is
remeshing of the FE model after trimming operation and mapping
of state variables from the old mesh to the new mesh. Many
remeshing methods have been developed since 1980s. Coupez
et al. [7] proposed a parallel mesh and remesh process for 3D
tetrahedron mesh. Hattangady [11] discussed an algorithm for
generating a new mesh to represent the deformed workpiece
during the forming process. Localised remesh algorithms have
also been developed. Recently, Choi et al. [4] developed a locally
reﬁned tetrahedral mesh generation algorithm with the introduc-
tion of local smoothing of the advancing fronts to improve the
stability and overall mesh quality of generated elements. Son
et al. [25] developed a localised remesh technique for 3D metal
forming simulations, which aimed to reduce the computing time
in FE simulation. They also proposed an inter/extrapolation
method and inverse distance weighted method for mapping of
state variables in remesh. In the trimming simulation of 3D forged
component in this research, whilst the remesh of the trimmed
model is achieved by using DEFORM 3D remeshing functionality,
mapping of the state variables is carried out using the inter/
extrapolation method and inverse distance weighted method.
It is noteworthy that DEFORM 3D software package also offers
Boolean operation functionality in its pre-processor, in which part
of FE mesh can be taken out by the geometry of another object
[24]. However, it is very difﬁcult to use such function in trimming
operation of bulk forging simulations for the following reasons:
(i) this function is based on the discrete STL description of trim
surface, which does not produce sufﬁcient accuracy for trimmed
object; (ii) this function cannot be implemented from text model
outside the DEFORM 3D pre-processor so automation of contin-
uous simulation of forging, trimming and cooling cannot be
achieved; (iii) the effect of trimming induced residual stresses
cannot be included in the trimming and data mapping processes.
In an earlier study, Lu et al. [20] developed a simple method
for trimming simulation for multistage forged components.
Although a few key steps including deﬁnition and adjustment of
the boundaries of trimmed areas were discussed, due to the
complexity of shearing mechanism in trimming and its effect to
subsequent forming stages, more robust procedures are required
to map the state variables from the old mesh to the newmesh and
to implement the trimming induced residual stresses in subse-
quent cooling simulation. In this paper, a comprehensive algo-
rithm is developed to simulate the trimming operation as part of
the whole forging process. Using this approach trimming induced
residual stresses can be incorporated in the subsequent simula-
tion steps easily. A Cþþ coded software system was developed by
integrating the elimination of discarded elements, mapping ofstate variables and 3D FE simulation using DEFORM 3D software.
An industrial based 3D blade forging problem was studied to
verify the developed approach. In order to evaluate the effect of
trimming operation to the ﬁnal shape and dimensional accuracy,
detailed cooling simulations were carried out with and without
trimming simulations as well as trimming simulation with
the consideration of trimming induced residual stresses. The
thermal effect of ﬂash area and the redistribution of residual
stresses in the forged blade during cooling stage are investigated
and compared to actual measurement data of the forged blade.
Concluding remarks are given at the end of the paper.2. Theoretical background
2.1. FE formulation
At elevated temperature condition, hot forging of a 3D com-
plex shape normally comprises a few stages including forging,
unloading, ﬂash trimming and cooling. Primarily dependent upon
the material deformation in forging, the ﬁnal shape of the forged
component is also affected by die elastic deformation during
forging, material springback due to unloading and distortions
due to ﬂash trimming and cooling to the room temperature. To
simulate the whole forging process and to quantify the dimen-
sional accuracy of the forged part, FE based simulation may be
employed. The governing equations for the FE formulation may be
given as follows:
Equilibrium equation :
@sij
@xi
¼ 0 ð1Þ
Constitutive equation : _e ij ¼
3_e
2ss
0
ij ð2Þ
Yield criterion : s¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
2
s0ijs
0
ij
r
ð3Þ
Compatibility equation : _eij ¼
1
2
@vi
@xj
þ @vj
@xi
 
ð4Þ
Incompressibility : _ekk ¼ 0 ð5Þ
Boundary conditions :
vi ¼ vni on Su
sijnj ¼ Fi on SF ð6Þ
Based on a penalty function method, the ﬂow formulation may
be derived using the following weak variational form of equili-
brium equation expressed entirely in terms of the arbitrary
variation in the velocity ﬁeld [16]:Z
V
sd_eijdVþK
Z
V
_evd_evdV
Z
SC
FidvidS¼ 0 ð7Þ
By considering the constitutive relationship of the stress and
strain increments with consideration of the elastic strain compo-
nent in Eq. (8), the elastic deformation of the forged component
during unloading and cooling may be accounted for [23]:
dsij ¼ 2G deijþdij
n
12n
 
dekk
s0ijs
0
kldekl
ð2=3Þs2ð1þðY 0=3GÞÞ
 !
ð8Þ
Based on the law of the conservation of energy and the
Fourier’s law of heat conduction, a coupled thermo-mechanical
model may be used to simulate heat conduction in forging,
convection and radiation in cooling. The variational form of the
thermal equilibrium equation may be given as follows:Z
V
k1T ,idT ,idVþ
Z
V
rc _TdTdV
Z
V
ksij _eijdTdV ¼
Z
Sq
qndTdS ð9Þ
See Fig. 3 
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R
SqqndTdS, qn is the heat ﬂux across the
boundary surface, which has several components:Z
Sq
qndTdS¼
Z
Sr
sSBeEðT4sT4e ÞdSþ
Z
Sr
hðTsTeÞdTdS
þ
Z
Sc
hlubðTdTwÞdTdSþ
Z
Sc
qfdTdS ð10Þ
The terms on the right denote the contribution from radiation,
convection, heat transfer between the workpiece and the forging
dies and heat generated by friction along the workpiece and die
interface, respectively. Ts and Te are the surface and environment
temperatures of the formed part. Td and Tw are the die and
workpiece temperatures. Eq. (10) can also be converted into
a system of algebraic equations and solutions of the coupled
thermo-mechanical analysis can be obtained in an iterative
manner.x
y
z
Fig. 2. Trim line deﬁnition and trimmed blade.
P P
S
Trim line 2.2. Ductile fracture criteria in trimming
Similar to sheet metal blanking, ductile fracture in bulk
material trimming is physically known as the initiation, growth
and coalescence of voids. Voids starts with inclusions, whilst
growth and coalescence of voids are driven by plastic deforma-
tion. Different forms of integral of a function of stress over plastic
strain up to the point of rapture may be used. Cockcroft and
Latham [5] uses maximum principle tensile stress along with the
plastic strain:
Z ef
0
smaxde¼ C1 ð11Þ
Oyane et al. [21] considered the effect of hydrostatic stress in
predicting the ductile facture:
Z ef
0
1þAsH
s
 
de¼ C2 ð12Þ
This criterion implies that the hydrostatic stress has an effect
on material fracture. Other forms of ductile fracture criteria have
also been used, most of which implicitly or explicitly include
hydrostatic stress as it is considered the major factor to cause
void growth and coalescence during material rapture. In this
research, the Cockcroft and Latham criterion was used in trim-
ming simulation so as to incorporate the effect of the trimming
operation to the ﬁnal shape of the forged component.Fig. 3. Identiﬁcation of Elements. (a) Deﬁnition of trim line. (b) Node P and its
projection on the trim line. (c) Nodes identiﬁcation. (d) Elements identiﬁcation.
(e) Element elimination. (f) Smoothing of trim line. (For interpretation of the
references to color in this ﬁgure, the reader is referred to the web version of this
article.)3. Flash trimming method
3D FE simulation of trimming process requires a FE model
with ﬁne mesh especially in the trimming line region and
complex contact analysis of large material deformation in shear-
ing and contact iterations between the punch/clamping tools and
the workpiece. This makes the integration of trimming simulation
with other forging simulation steps extremely difﬁcult if not
impossible. To overcome this problem, a simple but efﬁcient FE
mesh trimming algorithm may be developed. In this trimming
simulation, there are four main stages including removal of the
trimmed material, adjustment of the remaining FE mesh, map-
ping of state variables from the old mesh to the new mesh and
superimposition of the trimming induced residual stresses onto
the new mesh. The trim line is deﬁned by a B-spline curve. The
remaining mesh is adjusted and remeshed before mapping of
the state variables. The methods and procedures are given in the
following sections.3.1. Trim line deﬁnition
For trimming operation of the ﬂash area of a forged aerofoil
blade, a trim line has to be deﬁned as shown in Figs. 2 and 3(a).
B-spline curves are used to deﬁne the trim line as given in the
Trimmed edge 
Node Q after 
correction
Trim line 
Smooth mesh 
Trimmed edge 
Node Q after 
adjustment
Trim line 
Uneven mesh 
Trimmed edge 
Trimmed
Node Q
Projection point Q’
Trim line 
x
z
Fig. 4. Nodal correction along vertical direction. (a) Initial nodal position.
(b) Nodal position after adjustment. (c) Nodal position after correction.
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SðuÞ ¼
Xn
i ¼ 0
NiðuÞPi ðui1ououiþ1Þ ð13Þ
where Pi is a set of control points and Ni(u) is the blending
function given as
Ni,kðuÞ ¼
uui
uiþkui
Ni,p1ðuÞþ
uiþkþ1u
uiþkþ1uiþ1
Niþ1,k1ðuÞ ð14Þ
Ni,0ðuÞ ¼
1 if uiruruiþ1
0 otherwise

ð15Þ
The tangent of the B-spline curve for the trim line is given by
SuðuÞ ¼
@
Pn
i ¼ 0 NiðuÞPi
@u
¼
Xn
i ¼ 0
@NiðuÞ
@u
Pi ð16Þ
3.2. Elimination of elements and nodes
For any point P(x,y,z) in the FE mesh as shown in Fig. 3(b), its
projection point P0onto the trim line S(u) may be obtained by
using the orthogonality condition: let the dot product of tangent
Su(u) and the vector C(u)¼S(u)P(x,y,z) (connecting node P and
arbitrary point on the trim line) be zero:
LðuÞ ¼ SuðuÞðSðuÞPðx,y,zÞÞ ¼ 0 ð17Þ
The solution un of Eq. (17) may be obtained using Newton–
Raphson iterative method:
ukþ1 ¼ ukLðukÞ=L0ðukÞ ð18Þ
where k is the kth iteration of solution. With un obtained, all nodal
positions of the FE mesh with respect to the trim line may be
identiﬁed by the z component of the cross product between the
connection vector C(un)¼P0 P and tangent Su:
VZ ¼ ðP0XPXÞSuY ðunÞðP0YPY ÞSuXðunÞ ð19Þ
If VZ40, the node in the original FE mesh is on or within the
trim line; if VZr0, the node is outside of the trim line as shown in
Fig. 3(c) in red dots. To minimise mesh distortion in eliminating
nodes outside of the FE mesh, a clearance zone D measured by
half of average element size is used to screen all nodes outside of
the trim line. If a node is within the clearance zone it is preserved
otherwise eliminated from the FE mesh. This process is illustrated
in Fig. 3(d) and (e).
3.3. Modiﬁcations of FE mesh
The elimination of elements and nodes outside the trim line
region of the old mesh causes irregular boundaries of the trimmed
model. Therefore a new mesh with a smooth boundary along the
trim line needs to be generated by moving the boundary node P to
its projection point P0 on the trim line as shown in Fig. 3(f). If the
node is a surface node, a node correction step is required to attach
the node vertically to the workpiece surface at the new position
as shown in Fig. 4. This procedure can be described as
PX ¼ P0XðunÞ
PY ¼ P0Y ðunÞ
PZ ¼
Pz if P is not a surface node
gðP0X ,P0Y Þ if P is a surface node
(
ð20Þ
where g(x, y) is a geometrical function for the workpiece surface.
For nodes near the trim line, a mesh reﬁnement process may
be applied to improve the mesh quality and reduce the distortion
of boundary elements. In practise, mesh quality of the trimmedmodel can be controlled using the adaptive remesh functionality
of FE software.3.4. Mapping of state variables
In forging simulation, state variables such as displacement,
velocity, temperature are based on nodes, whereas the other
variables such as stress, strain and strain-rate are associated with
the integration points of an element. Therefore, the state variables
on nodes and integration points of elements need to be mapped
separately from the old mesh to the new mesh. Two mapping
methods employed in this research are the inter/extrapolation
method and the inverse distance weighted method as proposed
by Son et al. [25].
In the inter/extrapolation method, the shape function is
employed to interpolate variables from the old mesh to the new
mesh. For a node Q in the new mesh, the state variable XQ may be
interpolated through the four background nodes in the old mesh
and the following equation may be used:
XQ ¼
X4
i ¼ 1
HiXQi ð21Þ
where Hi is the shape function of the background node i and Xi are
the state variable to be transferred.
In the inverse distance weight method, a patch of elements in
the background mesh is used as data source. The values Xi at the
corresponding background assembling points are inversely
weighted by their distance di to the node in the new mesh using
the following equation:
X ¼
Xn
i ¼ 1
Xi
d2i
 ! Xn
i ¼ 1
1
d2i
 !1
ð22Þ
In this research, the inter/extrapolation method is used to map
state variables between nodes and the inverse distance weight
method is used to map values between integration points of
elements. In trimming simulation in this research, the tempera-
ture ﬁeld is mapped onto the nodes while the stress, strain,
strain-rate values are mapped onto the integration points of
elements.
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To evaluate the effect of trimming induced residual stresses,
2D simulations are carried out at the same forging conditions of
the forged component. The residual stress ﬁeld after trimming
operation from 2D simulation is mapped onto the 3D forged
part for further cooling simulation. Fig. 5 shows an example of
mapping of the residual stresses from a 2D mesh to a 3D mesh. As
can be seen from this ﬁgure, the trimming process also causes
localised deformation around the trimming edge. This deforma-
tion is relatively small and additional nodal repositioning process
may be taken before mapping of the state variables.
In 3D forging simulation of a complex shape such as aerofoil
blade, the thickness of the ﬂash region varies along the trim line.
The residual stresses obtained from 2D trimming simulation
cannot be directly mapped to the 3D model because of different
thicknesses. To overcome this problem, a scaling interpolation
approach is developed in which two 2D trimming simulation
models with different thicknesses (thmax, thmin) are used, where
thmax, thmin are the maximum and minimum thicknesses on the
trim line of the forged component. The residual stress results
from very limited 2D simulations can be used as background data
and mapped to the whole 3D model. The stress ﬁeld can be
obtained by interpolation in three steps: (i) transferring global
coordinates of integration points to local coordinates of 2D
trimming model; (ii) taking the residual stress of the 2D model
at the local coordinates of integration points; (iii) mapping the
residual stresses back to the 3D model.
As shown in Fig. 6, the local coordinate system of the 2D model
can be transferred to the global coordinate system for forgingFig. 6. Coordinate systems in the 2D trimm
Fig. 5. Mapping of residual stresses from 2D to 3D meshes. (a) 2D residual stress sXZsimulations. Xl axis in the 2D local coordinate system points to the
normal direction of the trim edge; Yl axis is in the tangent
direction and Zl axis is in the vertical direction from the bottom
edge along the trim line. For a point P on the 3D model, the local
coordinates at the 2D model can be given as
xli ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðP0XP0XÞ2þðP0YPY Þ2
q
yli ¼ 0
zli ¼ P0ZOlZ
8>><
>>:
ð23Þ
For a point Pi in the model with local coordinate of ðxli,yli,zliÞ, let
its thickness at its projection point P0i be thðP0iÞ. The corresponding
local coordinates at two 2D trimming simulation models can be
calculated by
ðxmini ,ymini ,zmini Þ ¼ xli,yli,
zl
i
thðPliÞ
thmin
 
ðxmaxi ,ymaxi ,znaxi Þ ¼ xli,yli,
zl
i
thðPliÞ
thmax
 
8>><
>>:
ð24Þ
For example, if point Pi is on the top surface, z coordinate of Pi
is equal to thickness thðP0iÞ. Using Eq. (24), the corresponding
points on the 2D model with minimum thickness is ðxli,yli,thminÞ
and the one with maximum thickness is ðxli,yli,thmaxÞ. With the
coordinates of the two corresponding points of Pi calculated using
Eq. (24), stress tensors rmin and rmax at these two corresponding
points in the two 2D models can also be obtained. Thus, the stress
tensor for point Pi can be interpolated from the r
min and rmaxing and 3D forging simulation models.
of the trimmed model (b) 3D residual stress sXZ after mapping from 2D model.
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slðxli,yli,zliÞ ¼
thmaxthðPliÞ
thmaxthmin
sminðxmini ,ymini ,zmini ÞFor each node in an element, 
calculate Vz by using Eq. 19 
Check whether to eliminate 
the node  
Delete element Element contains 
eliminated nodes? 
Retain element 
Is element node on 
the boundary No modification required 
Adjust node by using Eq. 20 
Interpolate state variables 
according Eqs 21 &. 22 
Yes 
No
Yes 
No
Superimpose 
shearing induced 
residual stresses No
End
Calculate local coordinate 
by using Eq. 23 
Calculate stress 
components using Eq. 25 
Transfer stress components 
to global coordinate by 
using Eq. 26 
Superimpose calculated 
stress results to original 
stress components 
End
Fig. 7. Flow chart of the ﬂash trimming programme.
Fig. 8. FE model anþ thðP
l
iÞthmin
thmaxthmin
smaxðxmaxi ,ymaxi ,zmaxi Þ ð25Þ
As the stress tensor has four components, i.e. rX, rY, rZ and
rXZ, in the local coordinate system, it needs to be transferred to
the global coordinate system in the 3D model using the following
equation:
rGij ¼ TR0ðyÞrlTRðyÞ ð26Þ
where rG is the stress tensor in the global coordinate system, rl is
stress tensor in the local coordinate system and TR(y) is the
transfer matrix
TRðyÞ ¼
cosy siny 0
siny cosy 0
0 0 1
2
64
3
75 ð27Þ
where y is the angle between the normal of projection point P 0
and X axis of the global coordinate system as shown in Fig. 6.4. FE modelling: a case study
To test the developed trimming simulation approach in multi-
stage forging simulation, an industrial based case study of hot
forging a 3D aerofoil blade was carried out. The forging, unloading
and cooling steps were simulated using DEFORM 3D. The ﬂow-
chart of the Cþþ coded software tool to implement the trimming
simulation procedure is given in Fig.7. Fig. 8 shows the FE model
before and after hot forging of a Ni-alloy aerofoil blade. The
workpiece was deﬁned to be rigid-plastic in forging and elastic–
plastic during unloading and cooling stages. The forging dies were
deﬁned to be elastic. The initial workpiece temperature was
1000 1C and a much lower temperature of 230 1C was set for
the forging dies. The thermal and mechanical properties of the
material as a function of temperature and the material properties
of the dies are given in Table 1. Flow stresses were deﬁned as a
function of strain, strain rate and temperature as shown in Fig. 9.
Although only two strain rate and three temperature cases are
used to deﬁne the ﬂow stresses of the work material, interpola-
tion computations are automatically carried out to determine the
actual ﬂow stress levels at different locations and stages of the
forging processes using DEFORM 3D software. A representative
heat transfer coefﬁcient in the forging stage was deﬁned to be
hf¼11 kW/m2 1C and the friction coefﬁcient was deﬁned to be
m¼0.2 [19]. In addition, the emissivity and convection coefﬁcientd forged blade.
Table 1
Material and forging die properties.
Young’s modulus E (GPa) Possion’s ratio n Density r (kg/m3) Heat Capacity Cp (N/mm2/1C) Conductivity k (N/s/C) Thermal expansion (1/1C)
Workpiece 0.012Tþ30 0.3 8170 0.002Tþ3.25 0.0159Tþ10.9 5109Tþ105
Dies 0.11Tþ216 0.3 7900 0.006Tþ1.71 24.6 2109Tþ105
T—temperature (1C).
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Fig. 9. Flow stresses of the workpiece.
Fig. 10. Two 2D trimming simulation models.
Fig. 11. Comparison of actual aerofoil blade and that from FE simulation. (a) Aerofoil blade from FE simulation. (b) Actual forged aerofoil blade.
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et al. [28], the material constant for the Cockcroft and Latham
ductile fracture model was deﬁned to be C1¼430 MPa.
The whole forging cycle was divided into forging (0.22 s),
removal of forging dies (0.05 s), trimming of ﬂashes (0.2 s) and
cooling of the forged blade to room temperature (1200 s) so the
effect of forging, unloading, trimming and cooling on the shape
and dimensional variations of the forged blade can be obtained.To capture the trimming induced residual stresses, limited num-
ber of 2D trimming simulations are required. In this research, two
2D FE models were used as the background data for mapping of
the state variables. In both cases, the same material properties
and forging conditions were deﬁned as the 3D blade forging
simulation as shown in Fig. 10.
Fig. 11 shows the actual aerofoil blade in comparison with
the ﬁnal FE mesh or deformed shape obtained from forging and
B. Lu, H. Ou / International Journal of Mechanical Sciences 55 (2012) 30–4138trimming simulations. Measurement data on aerofoil bow dB,
twist dW and thickness dTK of the aerofoil sections from forging
production were used to validate the accuracy of the simulation
results. As shown in Fig. 12, the thickness of aerofoil sections is
measured at nine pre-deﬁned positions (K points) of three cross-
sections, i.e. root (A–A), mid (B–B) and tip (C–C). The bow dB
measures the distance between K5(x5,y5,z5) and its projected
position on the plane that passes K1(x1,y1,z1), K3(x3,y3,z3) and
K8(x8,y8,z8) along the vertical direction (Z axis) as shown in
Fig. 13(a). The twist dW measures the angle of the K points line
between the root section and mid/tip sections separately as
shown in Fig. 13(b). Therefore the thickness dTK may be used to
measure the thickness difference between the predicted and
nominal aerofoil sections, whilst the bow dB and twist dW
evaluate the angular deviation between the predicted and nom-
inal orientation of aerofoil sections.5. Results and discussion
The trimming operation and cooling simulation are evaluated
in four stages. First the trimmed blade is examined to ensure that
the trimming operation is sufﬁciently accurate according to trim
line speciﬁcation. Second, the mapping of state variables is veriﬁed
by comparing the results with those obtained from forging
simulation in the original FE mesh including ﬂash. Third, three
cooling simulations are carried out using the untrimmed model,
trimmed model and trimmed model with trimming induced
residual stresses. Finally, the thickness, bow and twist results of
the shape and dimensional accuracy of the forged aerofoil blade
are compared with the actual measurement data. Therefore theFig. 12. Deﬁnition of sections and K points.
Fig. 13. Deﬁnition of Bow andeffect of trimming operation on the ﬁnal shape and dimensions of
the forged blade can be quantiﬁed and the accuracy and efﬁciency
of the fast trimming simulation method may be evaluated.5.1. Trimmed aerofoil blade
Fig. 14 shows the geometric changes of the forged aerofoil blade
before and after the trimming operation. Fig. 14(a) shows the initial
forged aerofoil blade with ﬂash and Fig. 14(b) illustrates the FE
model after the elimination of elements and nodes in the ﬂash
area. Fig. 14(c) shows the ﬁnal shape of the aerofoil blade model
before cooling simulation. As shown in these ﬁgures, the removal of
the ﬂash area causes irregular boundaries along the trim line. By
adjusting the nodal positions and modifying the affected elements, a
smooth edged FE model is obtained using the developed procedures.Twist. (a) Bow. (b) Twist
Fig. 14. Blade shape before and after trimming operation. (a) Aerofoil blade at the
end of forging. (b) Blade shape after element elimination. (c) Final blade shape.
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Figs. 15 and 16 compare the temperature and effective strain
results between the untrimmed and trimmed FE meshes. It can be
seen from these ﬁgures that identical temperature and effective
strain distributions are obtained in mapping these state variables.
Figs. 17 and 18 compare the distributions of stress components rz
and rzx among different models. As shown in these ﬁgures,
identical distributions can be observed between the untrimmedFig. 15. Mapping of temperature results. (a)
Fig. 16. Mapping of effective strain results. (
Fig. 17. Stress distributions (sz) of untrimmed and trimmed models. (a) Untrimmed
stresses.and trimmed models without including the trimming induced
residual stresses. Comparing the trimmed model with and with-
out trimming induced residual stresses, it can be seen that the
trimming induced residual stresses have an obvious effect on
residual stress distributions at close proximity to the trim line but
in the remaining areas of the aerofoil blade the stress distribu-
tions are largely unaffected. This shows that accurate data
mapping of the state variables is achieved for both the nodal
and integration points of element based results.Untrimmed mesh. (b) Trimmed mesh.
a) Untrimmed mesh. (b) Trimmed mesh.
model. (b) Trimmed model. (c) Trimmed model with trimming induced residual
Fig. 18. Stress distributions (sxz) of untrimmed and trimmed models. (a) Untrimmed model. (b) Trimmed model. (c) Trimmed model with trimming induced residual
stresses.
Fig. 19. Comparison of thermal distortion results between untrimmed and trimmed models. (a) Untrimmed model. (b) Trimmed model. (c) Trimmed model with trimming
induced residual stresses.
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Fig. 19 compares the thermal distortion contours of the forged
aerofoil blade in the cooling stage for the untrimmed and trimmed
blades. The distortion results in the vertical (Z) direction of the
aerofoil blade are mapped onto the aerofoil surface. The trends of
thermal distortions of the forged aerofoil blade can be seen in the
cooling process. The results show that larger thermal distortions are
predicted from the untrimmed blade than that from the trimmed
blades with and without trimming induced residual stresses. This
suggests that trimming operation to remove ﬂash material has a
considerable effect on thermal distortion during cooling process and
thus the ﬁnal shape and dimensions of the forged aerofoil blade.
Exact causes are very complicated and beyond the scope of this
research. However there are a number of important considerations
that may have an important effect. In particular, trimming operation
inevitably results in change of residual stress distributions and
stiffness recovery of the trimmed blade in subsequent cooling of
the trimmed blade and this may cause considerable geometric
variations. Similarly the trimming operation also leads to a sudden
reduction of the total amount of heat in the trimmed blade and thus
less heat transfer and thermal distortion in cooling to the room
temperature. Whilst further evaluation is required to ascertain the
real reasons and working mechanisms, the FE results obtained from
this study do highlight, for the ﬁrst time, the signiﬁcance of
trimming operation to the ﬁnal dimensional and shape accuracy in
hot forging of 3D complex shape.
Concerning the effect of trimming induced residual stresses,
thermal distortions of the two trimmed models are quite similar
in the overall pattern but slightly different in magnitude with and
without the trimming induced residual stresses. This suggests that
the trimming induced residual stresses have limited effect on the
overall thermal distortion of the forged aerofoil blade. One issue not
considered in this paper is the trimming induced local deformationin the close proximity to the trim line as shown in Fig. 10. However,
this effect may be included by adjusting the nodal positions of the
3D model with ﬁner mesh along the trim line.
5.4. Validation
To evaluate the accuracy of the fast trimming simulation method
developed in this research, the thickness, bow and twist results
predicted by FE simulations are compared with actual measurement
data obtained from forging production using Coordinate Measuring
Machine (CMM) as given in Table 2. It is clear from the table that the
thickness measurement data are correlated extremely well with the
results obtained from all FE simulations whether or not the fast
trimming simulation procedure is used with or without the inclu-
sion of trimming induced residual stresses. This is understandable as
aerofoil thickness is very much determined by the forging step and
affected by the die stroke, forging load and die elastic deformations
instead of post-forging operations including trimming and cooling.
Therefore there is only a very small difference between the
untrimmed and trimmed models with a maximum relative error
less than 2.3%. Thus these results conﬁrm that ﬂash trimming
operation does not affect the ﬁnal blade thickness.
However, concerning the bow and twist measures of the
forged aerofoil blade, it is a completely different picture. As can
be seen from Table 2, the bow measurement at mid-section (B–B)
is 1.812 mm. This is compared to 1.688 mm (with a relative error
of 6.8%) from untrimmed blade, 1.762 mm (relative error 2.8%)
and 1.758 mm (relative error 3.0%) from the trimmed blades
without and with the inclusion of trimming induced residual
stresses, respectively. The twist angle measured at mid-section
(B–B) 3.4541 is compared to 2.4371 (relative error 29.4%) from the
untrimmed blade, 3.1661 (relative error 8.3%) from the trimmed
blade without trimming induced residual stresses and 3.1981
(relative error 7.4%) from the trimmed blade with the inclusion
Table 2
Comparison of bow, twist and thickness between FE simulation and measurement
data.
CMM Untrimmed Trimmed Trimmed with
residual stress
FE Err (%) FE Err (%) FE Err (%)
Bow
Mid-Section (mm) 1.812 1.688 6.8 1.762 2.8 1.758 3.0
Twist
Mid-Section (deg.) 3.454 2.437 29.4 3.166 8.3 3.198 7.4
Tip Section (deg.) 6.608 4.863 26.4 6.317 4.4 6.303 4.6
Thickness
K1 (mm) 1.374 1.382 0.6 1.369 0.4 1.366 0.6
K2 (mm) 2.756 2.808 1.9 2.786 1.1 2.793 1.3
K3 (mm) 1.27 1.285 1.2 1.284 1.1 1.279 0.7
K4 (mm) 1.125 1.134 0.8 1.103 2.0 1.099 2.3
K5 (mm) 2.039 2.01 1.4 2.013 1.3 2.017 1.1
K6 (mm) 1.342 1.351 0.7 1.334 0.6 1.337 0.4
K7 (mm) 1.042 1.033 0.9 1.033 0.9 1.031 1.1
K8 (mm) 1.593 1.578 0.9 1.582 0.7 1.584 0.6
K9 (mm) 1.145 1.156 1.0 1.137 0.7 1.137 0.7
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at tip-section (C–C) is 6.6081 as compared to 4.8631 (relative error
26.4%) from the untrimmed blade, 6.3171 (relative error 4.4%)
from the trimmed blade without trimming induced residual
stresses and 6.3031 (relative error 4.6%) from the trimmed blade
with trimming induced residual stresses. These results indicate
that ﬂash trimming simulation developed in this research is
excellently equipped to capture the effect of thermal distortion
and material springback on the ﬁnal shape of the forged aerofoil
blade as measured by the bow and twist of the aerofoil sections.
The results also suggest that trimming induced residual stresses
only have negligible effect on the ﬁnal shape of the forged blade.
The validation between measurement data and FE simulation
results from three different cases of the aerofoil blade forging
provides a solid demonstration of the accuracy and robustness of
the developed trimming simulation approach. It also suggests
that this approach can be easily applied to other forging and sheet
metal forming processes.6. Conclusions
An efﬁcient approach for fast ﬂash trimming simulation of 3D
forged components is developed in this paper. In this approach the
ﬂash area of the FE model is eliminated by a simple measure of nodal
position and a new FE mesh of a smooth trimmed edge is generated
according to trim line deﬁnition. The state variable results are
mapped from the old mesh to the new mesh. Residual stresses from
trimming operation can be superimposed to the 3D trimmed mesh
from a limited number of 2D detailed trimming simulations using a
new procedure of scaled interpolation and coordinate transformation.
Based on a complex 3D blade forging case study, the cooling process
is simulated with and without ﬂash-trimming operation and trim-
ming induced residual stresses. The results reveal, for the ﬁrst time,
that ﬂash trimming has a signiﬁcant inﬂuence on the thermal
distortion of the forged blade during cooling and the shape accuracy
of the forged blade. The trimming operation and trimming induced
residual stresses have negligible effect on the thickness of the aerofoil
sections of the forged blade. The FE simulation results are validated
by measurement data. This fast ﬂash trimming simulation approachcan be easily applied other multistage forging and sheet metal
forming processes.Acknowledgement
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